Supplementing the salts-glucose medium of Escherichia coli with adenine initiates induction of adenosine deaminase (adenosine aminohydrolase, EC 3.5.4.4), growth inhibition, and an increased potential for the net deamination of adenine. The extent and duration of these events are proportional to the initial adenine concentration and are dependent upon adenylate pyrophosphorylase and repression of histidine biosynthesis for maximal expression. The conversion of adenine to hypoxanthine, though limited in rate, occurs concurrently with induction and accounts for the progressively decreasing rate of deaminase induction, since hypoxanthine is a relatively ineffective inducer. The subsequent decrease in deaminase activity is due to dilution by continued cell division and by enzyme inactivation which occurs during the late-log and early-stationary phases. The partially purified deaminase is labile to a number of environmental conditions, particularly to phosphate buffers of pH 6.8 or less. A disproportionately slow rate of adenine deamination by cells utilizing lactate permits a more prolonged period of induction and, consequently, a greater quantity of enzyme to be synthesized; cell division, but not enzyme inactivation, reduces enzyme concentration. The adenosine deaminases of Aerobacter aerogenes and Salmonella typhimurium are not inducible.
Previous studies indicated that adenosine deaminase of Escherichia coli strain W-11 demethylated 6-methylaminopurine and 6-methoxypurine, after their conversion to ribosyl derivatives, to yield inosine (5) . To extend these studies, E. coli B was selected as the organism of choice for the isolation of adenosine deaminase because this organism was reported (3) to contain a 10-to 20-fold excess of the deaminase when cultured in minimal medium supplemented with either adenine or hypoxanthine. Unexpectedly, E. coli B, cultured for 12 to 14 hr in a minimal saltsadenine medium with glucose as the carbon source, was routinely devoid of adenosine deaminase. Therefore, the induction process was investigated to explain the apparent failure of cells to be induced while utilizing glucose and to establish the conditions for obtaining cells which are maximally induced.
MATERIALS AND MErHODS
Organisms. E. coli strains B and B/DAP [organism resistant to 2,6-diaminopurine and shown to lack adenosine monophosphate (AMP) pyrophosphorylase (AMP: pyrophosphate phosphoribosyl transferase, EC2.4.2.7)] have been described (5, 17) . E. coli B-94 (ATCC 13864) was a double auxotroph requiring adenine and arginme.
Synthetic media. The standard growth medium (17) contained (per liter): Na2HPO4-7H20, 31 g; KH2PO4,
INDUCTION OF ADENOSINE DEAMINASE from the rate of decrease in absorbance at 265 m,u of a standard assay mixture containing 0.2 pmole of deoxyadenosine, 0.05 M Tris (pH 7.4) , and the enzyme preparation in a total of 3.2 ml. Measurements were made at room temperature (22 to 25 C) in a Beckman DB recording spectrophotometer with cuvettes of 1-cm light path. One unit of enzyme activity is defined as thequantityofenzymethatconverts 1 ,umoleof deoxyadenosine to 1 pumole of deoxyinosine per minute; specific activity is defined as the units per milligram of protein; total enzyme activity is defined as the units present in I ml of the culture. Protein was determined by the method of Lowry et al. (6) .
The concentrations of extracellular hypoxanthine and inosine were determined by their conversion to uric acid (net increase in absorbance at 290 mp) by the action of xanthine oxidase or by the combined action of xanthine oxidase plus purine-nucleoside phosphorylase (EC 2.4.2.1), respectively. The increase in hypoxanthine plus inosine in the medium was considered to be inversely related to the residual adenine, provided one allowed for the exogenously supplied purine which was incorporated by the cells.
Chemicals. Adenine, hypoxanthine, 6-methylaminopurine, 6-methoxypurine, guanine, histidine, and 4-amino-5-imidazolecarboxamide ribonucleoside were from Calbiochem, Los Angeles, Calif.; adenosine, deoxyadenosine, deoxyinosine, inosine, uridine, and guanosine were from P-L Biochemicals, Inc., Milwaukee, Wis,; 1-methylhypoxanthine, 1-methyladenine, 2-methyladenine, 2,6-diaminopurine, 2,6-diaminopurine riboside, 2'-deoxyribonucleoside, 2-amino-6-methylaminopurine, 6-methylaminopurine riboside, 2'-deoxyribonucleoside, 6-chloropurine riboside, and 6-methoxypurine riboside were from Cyclo Chemical Corp., New York, N.Y.; chloramphenicol was from Parke, Davis, and Co., Detroit, Mich.; and nucleoside phosphorylase and xanthine oxidase were from Boehringer Mannheim Corp., New York, N.Y.
RESULTS
Initial observations. E. coli B contained only small or trace quantities of adenosine deaminase after extended incubation periods (10 to 16 hr) in 1% glucose-salts media supplemented with 0.3 to 1 mM adenine or hypoxanthine. Although proportionately higher deaminase activities were present when the glucose was reduced to 0.5 and 0.2%, the highest activities were obtained with 0.5% sodium lactate as the carbon source ( Table   1) .
Induction of adenosine deaminase with glucose as the carbon source. The possibility that inhibition by glucose (catabolite repression) was responsible for the low deaminase activities, previously detected in cells cultured in glucose media, was eliminated by demonstrating that substantial synthesis of the deaminase occurred during the initial 30 min of the induction period; the increase in deaminase activity and the release of hypoxanthine into the media were proportional to the initial adenine concentration up to 2 mm ( Table 2 ). The inclusion of histidine to inhibit the conversion of AMP to inosine monophosphate (IMP) via the histidine biosynthetic pathway (7) increased the specific activities by at least 50%; henceforth, the standard induction media were routinely supplemented with histidine (0.26 mM) and adenine (1 mM).
Adenosine deaminase activity throughout the growth period. Induction was initiated in the early log phase in order to relate the changes in adenosine deaminase throughout the growth phase to various parameters which could account for the loss of activity in the glucose medium (Fig. IA) crease in the specific activity due to a decreasing induction rate coupled to continued growth. Furthermore, the decrease in pH which occurred during growth with 1% glucose (Fig. 1A) decreased the potential for induction independent of the inducer level; after a 45-min incubation of E. coli B in 1% glucose-i mm adenine media, previously adjusted to pH 7.6, 6.6, or 5.6, the relative deaminase activities were 100, 67, and 44, respectively.
A qualitatively similar pattern of enzyme induction occurred in the lactate medium with the rapid phase of enzyme synthesis continuing until adenine was depleted from the medium at approximately the 8th hr (Fig. 1B) . The probable explanation for the greater quantity of adenosine deaminase synthesized, as compared to the glucose media, may be seen in the comparatively slow deamination of adenine which provides a larger number of generations with a proportionately higher inducer level. The relatively slow conversion of adenine to hypoxanthine emphasized that extensive induction per se of adenosine deaminase did not assure rapid deamination of adenine. The specific activity increased for 7 hr; the decline during the subsequent 7 hr can be attributed entirely to dilution by cell division. Dilution by cell division was less extensive, as compared to glucose media, because induction occurred over a greater percentage of the growth phase. The maximal specific and total activities were reached when approximately 40 and 75%, respectively, of the maximal cell mass was realized. The corresponding values for glucosegrown cells were 10 and 25%. Inactivation did not occur unless the cells were incubated for a prolonged period of time in the stationary phase.
Modifications of the induction process. It was possible to prolong enzyme synthesis and obtain more highly induced cells by compensating for the deamination of adenine. This was accomplished by increasing the concentration of inducer (Fig. 2B) or by decreasing the inoculum size ( Fig. 2C) , as compared to the control ( Fig. 2A) . The former method provided a larger mass of more highly induced cells in spite of the inhibition of growth; however, more extensive deamination of the inducer prevented the increase in deaminase from being exactly proportional to the increase in the inducer. Alternatively, the activity of the induced deaminase was competitively inhibited by including 0.36 mm 4-amino-5-imidazolecarboxamide ribonucleoside (4) in the media and thereby markedly decreasing the rate of adenine deamination while increasing and prolonging the induction of the deaminase.
The pattern of enzyme induction ( Fig. 2A The initial relationships were most apparent when induction was initiated during the lag phase of growth (Fig. 3) . Enzyme synthesis occurred without an apparent lag. During the initial 90 min of the lag phase (generation time of 112 min), the increases in total and specific deaminase activities were directly proportional to the increase in cell mass; 20% of the inducer was converted to hypoxanthine during this interval. The transition period to the new generation time of 48 min was characterized by a major loss of inducer, a decline in the synthesis of the deaminase, and most clearly, by the abrupt change in the specific activity. As the rate of enzyme synthesis approximated the new growth rate, the specific activity remained at a relatively constant level.
Increased concentrations of adenine in the lactate system (Fig. 4A versus Fig. 1B ) yielded results qualitatively comparable to those described for the glucose system ( Fig. 2A and 2B) ; an increased generation time without an alteration in deaminase synthesis resulted in an elevation of the specific activity. The presence of casein hydrolysate and vitamins considerably increased the growth rate without altering the various interrelationships ( Fig. 4B versus Fig. 4A ).
Growth inhibition. After a 5-hr incubation period of E. coli B in the salts-0.2% glucosethiamine (20 Ag/ml) medium supplemented with 0, 1, 2.5, 5, and 10 mm adenine, the relative increases in turbidity were 100, 44, 16, 12, and 0, respectively. By contrast, the presence of 5 to 20 mM adenosine permitted essentially normal growth. Supplementing the medium with 0.1% casein hydrolysate plus a complete vitamin mixture reduced, but did not eliminate, the growth inhibition due to adenine; the doubling time of 32 min was increased to 45 min by 5 mm adenine. Cells previously induced for adenosine deaminase were still susceptible to inhibition by exogenous adenine.
Influence of induction on adenine deamination by whole cells. v Cells cultured in salts-histidine media containing either 1% glucose or 0.5% sodium lactate were harvested in the log phase, washed, suspended (0.05 mg of cells/ml) in fresh media supplemented with 5 mm adenine, and incubated at 37 C for 135 min (glucose) or 240 min (lactate). The induced cells were harvested, washed, suspended (0.25 mg of cells per ml) iti fresh media supplemented with chloramphenicol (50 pg/ml) and the indicated purines, and incubated at 37 C with vigorous shaking. At intervals, portions of the cultures were passed through a syringe fitted with a Swinney adaptor carrying a membrane filter (0.45,pdiameter pore size; Millipore Corp., Bedford, Mass.). The ultrafiltrates were assayed spectrophotometrically (8) .
b Activity present in sonic extracts. e A mutant, partially deficient in AMP pyrophosphorylase, was employed to limit the degree of induction.
were not possible because of the complete lack A of growth. Hours the adenosine deaminase activity beyond that FIo. 5 . Changes in adenosine deaminase, pH, and obtained with 0.15 mm adenine alone, whether inducer throughout growth and induction periods. Con-the enzyme was determined after 30 to 60 min ditions were the same as those described in Fig. 1, ( a E. coli strain B, cultured in growth medium containing either 0.2% glucose or 0.5% lactate, and strain B/DAP, cultured in medium containing 0.2% glucose, were harvested in the log phase, washed, and resuspended (0.13 mg of cells/ml) in fresh media supplemented with the indicated purines. The cell suspensions were shaken at 37 C for the indicated time.
b Cultured on medium containing 0.2% glucose.
c Hypoxanthine (mM) released into the medium. a E. coli strains B and B/DAP were inoculated into 0.2% glucose-growth media containing the indicated purine. The cell mass was allowed to increase from an initial 0.013 mg/ml to 0.2 mg/ ml.
b Adenine inhibited the growth of E. coli B but not of E. coli B/DAP. 6) resulted in a 50% reduction in adenosine deaminase and an increase in the growth rate.
In the absence of an exogenous source of purines, the depletion of exogenous phosphate (9, 10), magnesium (11), thymine (E. coli 15T), carbon, or nitrogen (conditions which either bring about the catabolism of nucleic acids or profoundly alter the pattern of nucleic acid synthesis) failed to bring about the induction of adenosine deaminase.
Separate experiments, employing extracts of E. coli B, demonstrated that 0.1 mm AMP exerted a 50% inhibition on adenylosuccinate synthetase (18) , while exerting no effect on AMP pyrophosphorylase. Properties of the induced adenosine deaminase. The intracellular deaminase was stable when the induced cell cultures were stored at 2 C for 1 to 6 days; however, extensive inactivation occurred when induced cells were converted to spheroplasts (14) or were subjected to osmotic shock (15) . Partial purification (six-to eightfold) of the deaminase from sonic extracts of induced E. coli strains B and W-11 revealed the lability of the enzyme to storage at 2 and -20 C, dilution, EDTA, heat, and particularly to phosphate buffers of pH 6.8 The rate-limiting factor in the conversion of adenine to hypoxanthine appears to be the synthesis of adenosine rather than the activity of either adenosine deaminase or nucleoside phosphorylase (see Fig. 6 ). However, it does not necessarily follow that elevated deaminase activity alone is responsible for the greater capacity of the induced cells to deaminate adenine; other metabolic alterations, as yet nondelineated, may occur concomitantly with induction of adenosine deaminase.
The effectiveness of adenine to act as the preferred inducer is dependent upon its direct conversion to AMP via AMP pyrophosphorylase. Inosine and adenosine reduce the degree to which adenine induces the deaminase and inhibits growth by accelerating the deamination of adenine to hypoxanthine, possibly by donating ribose-1-phosphate (17) and thereby facilitating the conversion of adenine to adenosine, the substrate of the induced enzyme.
The inability of hypoxanthine to inhibit induction of adenosine deaminase and the accumulation of hypoxanthine in the medium of adenineinduced cells argue against an effective negativefeedback control of the enzyme, despite the inhibition of the isolated deaminase by inosine.
To encounter high concentrations of exogenous adenine appears to be an unnatural situation for E. coli. By being converted directly to AMP, adenine induces the synthesis of an enzyme for which neither compound can serve as substrate. Apparently, there is no concurrent induction which facilitates the conversion of adenine to adenosine. Adenosine is only a modest inducer, even though the deaminase and a specific permease (16) are directed towards its utilization. In fact, the deaminase directs the substrate away from the induction route and towards IMP synthesis. This would suggest that it is advantageous for the cell to incorporate adenosine via IMP and not alter the pivotal position of IMP in the interconversions on the nucleotide level.
One would expect both systems, adenosine transport and deamination, to be under the control of the same operon and to have evolved as a mechanism for the utilization of adenosine, or of AMP. Periplasmic phosphatases (2, 13) would convert AMP to adenosine for transport into the cell. Adenosine has a limited capacity to induce the deaminase, apparently because its rapid deamination (8) to inosine would greatly curtail or negate its conversion to AMP via adenine. However, if sufficiently high concentrations of adenosine were encountered, particularly by a noninduced cell, a larger portion of the adenosine may escape deamination and thereby enhance production of the permease and deaminase. The ensuing induction of the deaminase would augment the deamination of adenosine and thereby limit the induction process to the requirements of the cell.
Growth inhibition which occurs concurrently with induction cannot be ascribed simply to an interference with the biosynthesis of thiamine (12), other vitamins, or amino acids, since inhibition is expressed in enriched media.
Although E. coli, S. typhimurium, and A. aerogenes are members of the Enterobacteriaceae family, the control of adenine deamination by the latter two is distinct from that of E. coli. Although these organisms also lack adenase, they contain relatively low levels of adenosine deaminases which are only slightly elevated by growth on adenine.
